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Description 

BACKGROUND OF THE INVENTION 

s The present invention relates to a long-haul and large-capacity optical transmission system used in a long trunk 

line having large traffic capacity, in particular, relates to such a system which uses optical intensity modulation in a 
transmitter side. 

In a simple optical transmission system, an optical intensity modulation system in transmitter side is used, and a 
direct detection system is used in receiver side. The direct detection system detects a received signal without using 

io interference of coherent light from other source. That system is abbreviated to IM-DD system. Two modulation methods 
have been known in optical intensity modulation. One of them is a direct modulation in which an intensity of a semicon- 
ductor laser output is directly controlled, and the other is an external modulation in which an output beam of a semicon- 
ductor laser is modulated by using an optical intensity modulator. 

A direct modulation system has the disadvantage of undue expand of spectrum because of undesirable frequency 

75 modulation which coincides with optical intensity modulation which is called chirping, and transmission quality is dete- 
riorated due to chromatic dispersion of an optical fiber. 

As for an external modulation system, many types of modulators have been proposed, and among them, a 
Mach-Zender interferometer type (MZtypc) modulator has been widely used for high-speed and long-haul transmission 
systems, since it avoids essentially chirping. 

20 Fig.1 3 shows a prior optical transmission system using a MZ type optical intensity modulator in a transmitter. In the 

figure, a MZ type optical intensity modulator 70 has a coupler 71 dividing a light beam to a pair of branch waveguides 
72a and 72b which provide a phase difference between light beams in those waveguides, and a coupler 73 which 
combines outputs of those waveguides so that optical intensity modulation is carried out. Optical intensity of the combiner 
output is high if phases in two waveguides 72a and 72b coincides with each other, and it is low if phases in two waveguides 

2S are opposite with each other. In a MZ type optical intensity modulator, transmittance or intensity of output light depends 
upon said phase difference which is controlled by potential or voltage applied to electrodes 74a and 74b along said 
branch waveguides, as shown in Fig. 14. In a prior binary IM-DD system, each of binary values (0 and 1 ) is assigned to 
the maximum transmittance point A and the minimum transmittance point B. In the configuration of Fig.1 3, a binary input 
signal is separated to two signals with one signal applied to an inverter 75 so that a pair of complementary signals are 

30 obtained, so that those complementary signals are applied to electrodes 74a and 74b each related to branched 
waveguides 72a and 72b. In the above configuration, MZ type modulator operates in push-pull operation, so that unde- 
sirable chirping is completely removed (see F. KoyamaandK. Iga, IEEE J. Lightwave Technol., vol.6, No.1, pages 87-93, 
1988). 

An output beam of a semiconductor laser 76 in Fig. 1 3 is modulated by an MZ type modulator 70 which is driven by 
35 a pair of complementary signals, and modulated beam is forwarded to an optical transmission cable 77. In a receiver 
side, a modulated beam at output of the cable 77 is directly detected by an optical detection circuit 78. An output of the 
optical detection circuit 78 is decided by a decision circuit 79 to provide demodulated data signal. 

It should be noted that an optica! binary intensity modulation signal has spectrum as shown in Fig.1 5, in which a 
large carrier frequency component exists, and spectrum expands up to twice of bit rate on both sides of carrier frequency. 
40 in Fig. 15, horizontal axis shows frequency with 1.2 GHz for each scale, and vertical axis shows power with 5 dB for 
each scale. 

Said carrier frequency component is undesirable because of deterioration of transmission quality due to non-linear 
characteristics of an optical fiber, in particular, restriction of input power into an optical fiber due to stimulated Brillouin 
scattering (see T. Sugie, IEEE J. Lightwave Technol., vol.9, pages 1145-1155, 1991). Further, it causes the increase of 

45 crosstalk due to four-wave mixing in an optical wavelength-division multiplexed transmission system (see N. Shibata et 
al., IEEE J. Quantum Electron., vol. QE-23, pages 1205-1210, 1987). Further, the undue expansion of signal spectrum 
causes the deterioration of receiver sensitivity in long-haul and large capacity transmission system due to chromatic 
dispersion of an optical fiber, and/or the decrease of frequency utilizing efficiency due to crosstalk between optical wave- 
length channels. The effect of chromatic dispersion is not negligible in some channels because of dispersion slope even 

50 when disperison-shifted fiber is used in a long transmission line for wavelength -division multiplexed high-speed signal. 
Those problems restrict transmission distance, transmission rate, and/or transmission capacity, and therefore, those 
problems must be solved in developing an optical network. 

For extending the transmission distance limited by chromatic dispersion, one solution for suppressing undue ex- 
pansion of spectrum of an optical intensity modulation signal is the use of duobinary signal (see X.Gu and L.c. Blank, 

55 Electron. Lett, vol.29, No.25, pages 2209-2211 , 1993). 

Fig.1 6 shows a prior optical transmission system using duobinary signal. In the figure, a binary data signal is con- 
verted to duobinary signal with an encoding circuit 80, which has a one-bit delay line (T) 81 and an exclusive-OR circuit 
(EXOR) 82 for differential encoding to provide a preceded sequence, and a low pass filter 87 for providing a duobinary 
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signal (see S.Gu and Lc.Blank 'elecfr on. Le,. vol X No 25 pa Z S^Sf QQ^Tth^ ,0 I'*** 8 ' three -' eVe ' 
'5 signals are assigned to the ooints A B anri r inCi„M f' u 2209 -221 1 , 1 993). (Three values of a duobinary 
A)' Further, in a rBo^^^^^t^^^. »«J«^nce at the point C is half of that at point 
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due lo four-wave mixing. 
SUMMARY OF THE INVENTirm 



p,< "** i8 mod "' a " ou,pu ' wi,h — 2er ° - saM "**»» «>« «- 

signal is at cents, .alas and It Is tns maxtal „ ! """"""" """^ "nsn said modulator driving 

Phase „, an d U ,p u , STTSS? ^ ^ ^ » " "» — « 

oP^i^^ " "<*" — * - *** narri,,. an 

of modulated light > 31 *" lnpUt ° f Sa ' d ° p,,Cal modul ^°n means for restricting bandwidth 

A detect.cn system in a receiver side is no, restricted to a direct detection, bu, a coherent detection which super- 
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impose a local light on a received optical signal is possible. 

According to the present invention, a binary data is first converted to a duobinary signal, so that a value 0 of a binary 
data is for instance converted to a value 0 or value 2 of a duobinary signal, and a value 1 of a binary data is converted 
to a value 1 of a duobinary signal. Optical light intensities 1 , 0, and 1 correspond to values 0, 1 and 2 of a duobinary 
5 signal. Optical phase for values 0 and 2 of a duobinary signal is opposite to each other. In other words, optical intensity 
for a center value of a duobinary signal is the minimum, and optical intensity for other two values of a duobinary signal 
is the maximum and optical phase for those two values is opposite with each other. In that configuration, the spectrum 
of a modulated light is the same as that of a baseband duobinary signal, which has no DC component (-1 ,0,1), ona 
baseband but it is shifted toan optical frequency band. Therefore, the optical carrier frequency component is suppressed, 
10 and the bandwidth of the optical modulated signal is half of that of a binary intensity modulated signal. 

Further, since intensity of an optical signal in the present invention has values of only 0 (OFF) and 1 (ON), a direct 
detector for a binary signal may be used in a receiver side, An inverter is installed in a receiver since an output of an 
optical modulator is OFF and ON for an optical binary signal "1 " and "0", respectively. 

The optical intensity modulated signal in the present invention can be considered as a binary intensity modulated 
15 signal in a prior art if optical phase is ignored. So, the receiver sensitivity of the present invention is the same as that of 
a prior art, and it is not deteriorated. 

Further, since a low pass filter in an input stage of an optical modulation means restricts bandwidth of a modulated 
light, tolerance to the chromatic dispersion is improved. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects, features, and attendant advantages of the present invention will be appreciated 
as the same become better understood by means of the following description and accomanying drawings wherein; 

2S Fig. 1 A shows a block diagram of an optical transmission system according to the present invention, 

Fig. 1 B shows a modification of an embodiment of Fig. 1 A, 

Fig.lC shows characteristics curves of chromatic dispersion penalty of optical intensity modulated signal in the 
30 present invention, 

Fig. 1 D shows a modification of an optical intensity modulator in Fig.1 A, 

Fig. 2 shows operation of a Mach-Zehnder type optical intensity modulator in Fig.t A, 

35 

Fig.3 shows relations between duobinary signal and an optical intensity modulated signal in the present invention, 
Fig. 4 shows a curve of power spectrum density of a duobinary signal, 
40 Fig.5 shows waveform of a duobinary signal, and waveform of a received signal, 

Fig. 6 shows spectrum of a duobinary signal, 

Fig. 7 shows spectrum of an optical intensity modulated signal in the present invention, 

45 

Fig.3 shows bit error rate performance of the present invention, and a prior art, 

Fig. 9 A shows a block diagram of another embodiment of an optical transmission system according lo Ihe present 
invention, 

50 

Fig.9B shows a modification of an embodiment of Fig. 9 A, 

Fig. 10 shows generation of a duobinary signal using a demultiplexer, 

55 Fig. 11 A show a block diagram of still another embodiment of an optical transmission system according to the present 

invention, 

Fig. 1 1 B shows a modification of an embodiment of Fig.11 A, 



4 



10 



15 



20 



25 



45 



SO 



55 



EP 0 701 338 A2 

SS2r IS " ° P,iCa ' in,enSi,y m ° dul — d CP*- Phase mooter in the embodiment 
Fig, 3 shows a block diagrann of a prior optical transmission system using a UZ type optical intensity modulator, 
Fig. 14 shows operation of a MZ type optical intensity modulator in a prior art, 

Fig ,5 shows spectrum of an optica, intensity moduiated signal in an optica, binary transmission system in a prior 

Fig. 1 6 shows a block diagram of another prior optical transmission system which uses a duobinary signal. 
DESCRIPTION OF thp PREFERRED EMBODIMENTS 

dua.d?ive A ^ astern according to the present invention, in which a 

optica, wavegu des is Xe^SS^T m ° dU,a '° r * M ' " here de ' ay time in a ? air of 

figure, a binary digita. cS^S « ^ 9 V ° T °" 3 Pa,r ° f e ' eC,r ° deS ° n Said waveguides. In the 

has a pair of one^it delay' nes m 81 83 Z JT nn * 3 by 3P enCod,n 9 circuit 8 °. which 

wh.ch has one ol three va.ue ^(0 2 { is divided n Z (EX ° R) 82 ' 3nd adder 84 ' A 
«hat a pair of complementl"duo b inaS slT^lTeT ' T ? ^ '° ^ CirCuit 1 ' s ° 

ages proportional to said complement rv ^^i^S^, tK^A^ 3 ° PP ° Site Ph3S6 ^ ° btained ' and vo «- 
electrod es 74a and 74b on S^'SSET ^ ' °" " ~ ^ °" 3 "* * 

A semiconductor laser 76 generates a coherent light 

modern 3 " by Said ■»* °< d — y signals, and the 
the optical fiber cable 77 is direct de toctld Z T J' . ^ *" ° ptlCal in,ensi,v nodulated signal from 

inverter 12 through a deciLn circuit 79 If rhJ, h ^ ^ ?8 ' The detected si 9 nal is ^ to an 

coup,ed with an o'utput of he nverte 12 The olfnT V T ***** ' rt an ° Ut P Ut ,ermi -' which is 

» by duobinary signal^, 1 2) t carried out KeZT^n ? ^ ,e3,Ur6 ^ When ° ptiCa ' intensi * modula <™ 
an output optica", intensity 1 1 Z^l for ^^vS mrirr^f^ " 
intensity is zero for the center value M > FuJiw IT f t condition, rt .s preferable that an output 

same aLolute value ^^^^^^^^S ^ * 3 Pair ° f elec,rodes 74a ' 74b have the 
Phase of light by , (P i) .preferably, ^^^oZ^^^^^T which changes 

tance of the MZ type modulator Three vafues t 7 h ^ " 6 e ' eCtr0deS 3nd Vertical 3x18 show s 'ransmit- 
transmittance, the point B m7nZJSii£^ P h ^ ^ *° ,he P ° int A ° f the maximum 

value (1 ) of the duobinary e^^ZZ^^a^^ ° **" ^''^ ,ransmi «^e. The center 
values (0 and 2) of the duobinary sfgnTare aslned to I. " t I lhe ^ n,mum transmittance (dark), and other two 
A and c have the same intensityV^ «* * - P** 

duc£S: S^Sof S^S:^ ? ^ 3rS ProV ' ded - ^ ~ of 
voltage, and a bias adjusting ci c^ dU ° b ' n3ry S ' 9na ' S 3rS the ,he same as half-wavelength 

of duobinary signal is ass! 

and 78b, respectively. electrodes 74a and 74b are grounded through resistors 78a 
Fig. 1 B shows a modification of Fiq 1 A The feature nf Pin 1 r i= ^ 

theoretical analysis in Fig. 1C , ^iT^^^T 0 ' ^ ,rar,Smission dist — * -P-ved as shown in 
ing penalty (dB) bit rate is 10 Gh/1 h?-=T f transmission distance in km, vertical axis shows eye-open- 

ba 9 nd P width y B ( =0 B) 5 ^ZVZ ^K^t ^ ^ 

B=infinite. It should be appreciated that the cLl wrth h ? ,o ^'f ,he ° UrVS Wl,h Dlack dots has bandwidth 
transmission distance than'hat of te ^btkdo,sI7e Wh^ »h {B =°^ rM ^ the bandwidth provides longer 
a low pass filter as shown in Fig 1 B V^tZ^^J" T" 9 C,rCim 80 for P rovidin 9 du ^inary signal has 
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is equivalent to the case that an ideal rectangular low pass filter having cutoff frequency equal to half of bit rate is used 
in Fig.1 B. 

Fig.lD shows a modification 70b of a Mach-Zehnder interferometer type intensity modulator, in which one of the 
electrodes is separated to 74a-1 and 74a-2 so that DC bias voltage is applied to the specific electrode 74a-2. In that 
5 case : a bias adjusting circuit 76C is not needed. 

Fig. 3 shows relations between duobinary signal, and optical intensity and phase of an intensity modulated signal 
in the present invention. The optical intensity has binary values, "1" (ON), and "0" (OFF), where the optical phase for 
the intensity "1 " (ON) is "0" or T- It should be noted that duobinary signal has no direct transition between "0" and "2", 
and therefore, no transition occurs between the phase "0" and 'T keeping the intensity of light. 
io Fig. 4 shows power spectrum of duobinary signal (-1, 0, +1), where no D.C. component exists, and almost all the 

signal power is concentrated within the half bandwidth of bit rate. An optical intensity modulated signal in the present 
invention is expressed by the product of a baseband duobinary signal with no DC component (-1 , 0, +1) and an optical 
carrier. Power spectrum of optical intensity modulated signal in the present invention is obtained by shifting the baseband 
spectrum to optical carrier frequency. Therefore, a carrier frequency component of optical modulated signal in the present 
15 invention is suppressed, and signal power of the intensity modulated signal is concentrated within half the bandwidth 
of binary intensity modulation signal. 

An optical intensity optical signal thus obtained is demodulated to a binary data by direct detection with an optical 
detection circuit 78, decision by a decision circuits 79, and inversion by an inverter 12. 

Table 1 shows the relations among (1) binary data signal {a k }, (2) differential encoded signal {b k }, (3) duobinary 

20 

signal {d k }, (4) inverted duobinary signal {d k ], (5) intensity modulated signal {e k }, (6) detected signal {le k l 2 } by direct 

— 2 

detection, and (7) demodulated data signal {le k l }. 
25 Table 1 



30 



(1) 


a k 


000 1 


00 11 


0 10 1 


1 1 1 


(2) 


b k =ak® b k-i 


0000 1 


110 1 


100 1 


0 1 0 


(3) 


d k= b k +b k-i 


000 1 


2211 


2 10 1 


1 1 1 


(4) 


dk 


222 1 


00 11 


0 12 1 


1 1 1 


(5) 


e k =-cos(d k H/2) 


-1 -1 -1 0 


1100 


1 0-1 0 


000 


(6) 


le k |2 


1110 


1100 


10 10 


000 


(7) 




000 1 


00 11 


0 10 1 


1 1 1 













In the sequence (5) in the above table, -1 and 1 show opposite phase, and it should be noted that the detected 
value of both signals (-1 and 1 ) by square law means is 1 . The table 1 shows an example of operation of encoding and 
decoding for 2*-1 pseudo random bit sequence, and it should be appreciated that similar operation is possible in any 
other signal sequences. 

The experimental result is now described where bit rate is 5 Gbit/s. 

Fig.5(a) shows duobinary signal waveform for driving modulator, Fig.5(b) shows received signal waveform. 

Fig.6 shows spectrum of duobinary signal, where it should be noted that almost all the signal power is concentrated 
within half bandwidth of bit rate. 

Fig. 7 shows spectrum of an optical intensity modulated signal in the present invention observed by optical hetero- 
dyne detection. It should be noted that carrier frequency component is suppressed : and bandwidth is half as compared 
with that of a binary signal in a conventional art (Fig.1 5). 

Fig.3 shows bit error rate performance of the present invention, and a prior art (binary IM-DD system). It should be 
appreciated that two curves are almost the same as each other, and therefore, the receiver sensitivity of the present 
invention is not deteriorated as compared with that of a prior art. 

Fig.9A shows a block diagram of another embodiment of an optical transmission system according to the present 
invention. The feature of Fig.9 is the use of a demultiplexer to generate a pair of complementary duobinary signals 
having opposite phases from a binary data signal. 

In the figure, a binary data signal is differentially encoded to a preceded sequence by a one-bit delay line (T) 81 
and an exclusive-OR circuit (EXOR) B2, and the preceded sequence is applied to a demultiplexer (DEMUX) 21. The 
demultiplexer 21 demultiplexes the precoded signal bit by bit, and provides the demultiplexed output together with the 
inverted data. An adder 84a adds two channels of outputs of the demultiplexer 21, and another adder 84b adds two 
channels of inverted outputs of the demultiplexer 21 . Those adders 84a and 84b provide a pair of complementary du- 
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r»J%i B ^ a K m ° dification of R 9- 9A - Th « Mature of Fig.9B is the presence of low pass filters 75a and 75b as is the 
case of he embodiment of Fig. 1 B, for improving tolerance to the chromatic dispersion 

in Oli Zn. " a h f h " aPP ' ied ,0 Said ° PtiCal Phase modu,ator The °P ,ical density operates 

in ON-OFF manner, and the optical phase modulator operates to provide phases 0 1V2 and 11 

i*. J n 7 «' 9 ' A, , a P ' nary data si 9 nal is a PP |ied *> a encoding circuit 80, and an inverter 75 An output of a semiconductor 
invenef 7 IS 5 whiS « ^ '"^ m ° dU,a, ° r 31 ' WhiCh modU,ales an out Put of the laser Tm^nZ^TZ 

~ ~ * 9 r :™ ,he p "" nce - - - — »• « ~ - - 

"9" rfalf S ? WS 0 P. eratl , 0n ° f an °P tical intensit V modulator 31 and an optical phase modulator 32 Values "O" "1 ■ and 
2 of a duobmary s.gnal applied to the optica, phase modulator 21 correspond to optica, intensity 'r»0' and »r 

in sio'na^Snm t° Ve * 3CC ,° rdin9 l ° ,he Pr6Sent ° ptical tra ^mission system, carrier frequency component 
obtlpd Th f ,S th Suppressed wlthout deteriorating receiver sensitivity, and simple configuration of a reaver is 
an?^,,^ h ?' , reStnCt ' 0n ° f inPUt P0W6r int ° an °P tical ,iber due to •tlmtilatod Bri.louin severing s re ax^ 
r?«S miXin9 " ° P !! Cal wa -'-9th-division mul.ip.exed transmission sysSs'd^e a "e d 

S^lK?™ T U ' tiPl r d ,ranSmiSSi ° n SyS,Sm - ThUS ' the P - ent ^-ention im p re^ m Zsm s 

ssssjs dis,ance ' which were reswcted by ~ 



Claims 



(1 ) An optical transmitter system comprising; 

an input terminal receiving a binary data signal, 



an encoding crcuit coupled with said input terminal for converting a binary data signal to a duobinarv sinnal 
an o P t, C a. modulation means coupled with an output of said encoding circuit for prov Sing ^TJSS 

vl o ■ hT k " Carrier W ' th S9id dU ° binary Si9nal 20 ,hat °P tical inte "sity of a modulated , lg P h fo a^S 
value of sa,d duobmary signal is the minimum and optical intensity of the modulated light for other two values o 

"her and'""" ^ " *" " *" ^ '° r thosa two is oppose ^Tach 

to an ^ri^oZr WitH OU,PUt * ° PtiCal m ° dU,a,i0n mSanS t0 Pr ° Vide a modulated signa, 
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(2) An optical transmitter system according to claim 1 , wherein said optical modulation means provides modulated 
output with level ?ero as said minimum output for said center value of said duobinary signal. 

(3) An optical transmitter system according to claim 1, wherein said optical modulation means comprises; 
5 an optical source for providing optical carrier, 

a modulator driving signal generation means for providing a pair of complementary modulator driving signals 
having the same amplitude and opposite phase as each other according to a value of said duobinary signal, 

a Mach-Zehnder interferometer type optical intensity modulator for modulating intensity of said optical carrier 
by both of said modulator driving signals, 
io wherein said modulator modulates output of said optical source so that intensity of a modulated light is the 

minimum when said modulator driving signal is at center value and it is the maximum when said modulator driving 
signal is at other two values, and phase of an output light for those two values is opposite with each other. 

(4) An optical transmitter system according to claim 1, 

is wherein said encoding circuit comprises means for dividing a binary data signal to two signals, means for 

converting one of divided signals to duobinary signal, and means for providing an inverted signal by inverting another 
of divided signals, and 

said optical modulation means comprises; 
an optical source for providing optical carrier, 
20 an optical intensity modulator for intensity modulation of said optical carrier according io said inverted signal, 

an optical phase modulator for modulating the phase of output light of said optical intensity modulator according 
to said duobinary signal, 

wherein optical intensity for a center value of said duobinary signal is the minimum and optical intensity for 
other two values of said duobinary signal is the maximum, and optical phase for two values which provide the 
25 maximum optical intensity is opposite with each other. 

(5) An optical transmitter system according to claims 1 -4, wherein a low pass filter is provided between an output 
of said encoding circuit and an input of said optical modulation means for restricting bandwidth of optical intensity 
modulated signal in the present invention. 

30 

(6) An optical transmission system comprising an optical transmitter system as recited in anyone of claims 1 -5, an 
optical receiver system for providing demodulated binary signal, and an optical transmission line coupling said optical 
transmitter system and said optical receiver system. 

35 (7) An optical transmission system according to claim 6, wherein said optical receiver system comprises an optical 

detection circuit for direct detection of received optical signal, a decision circuit coupled with output of said optical 
detection circuit for deciding each values of binary signal, an inverter for inverting output of said decision circuit, 
and an output terminal coupled with output of said inverter to provide demodulated binary signal. 

40 
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Fig. 2 
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